further. These studies demonstrate that transport systems for biliary <excretion of organic anions evolved prior to migration of marine life from the sea and relatively independently of intrahepatic conjugation and organic anion-binding proteins.
Squalus
acanthias; Raja erinacea; bromosulfophthalein; phenol-3,6-dibromophthalein; sodium taurocholate; erythritol; liver; bile PRELIMINARY STUDIES from our laboratory have demonstrated that bromosulfophthalein (BSP) is selectively removed from plasma and excreted into bile by the liver of two elasmobranchs, Squalus acanthias and Raja erinatea (7, 8). These observations are at variance with present concepts of hepatic organic anion excretion in marine species that suggest that these compounds might be preferentially excreted by the gills or kidneys (11, 31). This view is based largely on evidence that hepatic microsomal enzyme activities are low and that liver cytoplasmic organic anion-binding proteins (ligandin), which facilitate the hepatic uptake of these compounds in mammals, are either absent or found in low concentrations in fish (28). In order to study this process in more detail, we have utilized a technique for hepatic bile collection in the free-swimming elasmobranch that is described in the preceding report (9) . In the present study we used this technique to study the process of hepatic uptake and biliary organic anion excretion in these species, comparing the biliary excretion of BSP with phenol-3,6-dibromophthalein disulfonate (DBSP), a BSP analogue that is excreted in unconjugated form in the bile of mammals (21, 24), and sodium taurocholate (NaTC), a conjugated bile acid that is not prevalent in elasmobranch bile (19). Duplicate 50-mg samples of liver were digested in 0.5 ml 2 N NaOH overnight at 8O"C, neutralized with 0.1 ml glacial acetic acid, and placed in 12 ml of Scintisol Complete for determination of hepatic BSP content; loo-p1 samples of plasma and loo-p1 aliquots of the administered solutions were also analyzed and all specimens were counted in a Nuclear-Chicago Mark I liquid scintillation spectrometer. Corrections for quenching were determined by external standard ratios. Plasma [W]BSP disappearance curves were analyzed into two componen ts by curve peeling of log plots of the activity expressed as disintegrations per minute per 100 ~1 of plasma (32). Fractional disappearance rates (k, and lz,) were determined by the formula k, t2 = 9 0.693/t,,,.
In a separate experiment, the tissue distribution of [WBSP wa s d t e ermined in dogfish 2 h after injection, when the majority of activity had disappeared from plasma, but prior to evidence of significant biliary excretion. These results were compared with other studies in which [W]BSP was administered via the caudal artery together with 15 ml of a 10-g/100 ml solution of bovine serum albumin. No untoward effects of the albumin infusion were noted as the fish continued to swim actively. In these studies, fish were sacrificed 2 h after injection of the label. The livers and kidneys were removed from each fish and weighed and a sample of muscle was obtained.
Muscle mass was assumed to equal 43% of total body weight as previously determined by Burger (12) . Samples of each tissue were digested and counted a .s described above.
Hepa tic uptake and biliary was collected in l-ml aliquots at 4°C. Protein concentrations were monitored in each sample at 280 rnp, and BSP was analyzed at 580 rnp in a Zeiss PMQ 11 spectrophotometer after addition of an equal volume of phosphate buffer, pH 11.4, according to the method of Selig-
During the 1st h after the intra-arterial injection of g los [W]BSP or ['"Cl so d ium taurocholate, both organic anions disappeared in a linear fashion and at approximately the same rate in Squalus acanthias and Raja erinacea (Fig. 1) . Thereafter, the plasma curves were consistent with multicompartmental distribution with an extremely slow final exponential compared to the initial plasma disappearance rate. The half-life and fractional turnover of both compounds were calculated from the two major components of the plasma disappearance curves and are represented in Table 1 . Although we anticipated that these anions might diffuse from plasma into many tissues because of the absence of plasma albumin (33) (Fig. 2) Data are expressed as mean or mean * SD; number of experiments given in parentheses.
liver of both species 24 h after their administration (Table 3) .
Excretion of BSP and DBSP was also determined in dogfish and skates when a larger amount of solute (10 mg/kg body wt) was administered and bile was collected for 4 days. As can be seen in Figs. 4 (Table 4) , indicating an extraordinary capacity for concentrating these solutes into bile. These B/P ratios were only rough approximations, since the plasma value was obtained in the middle of the 8-to 24-h bile collection period, whereas the values for bile were adjusted 3 h earlier for skates and 4 h earlier for dogfish to account for the estimated lag in passage of the solute through the liver, bile ducts, and biliary cannulas in each species (Fig. 3) . However, there is no significant change in the order of magnitude of these ratios, even if a l-to 2-h error in lag time is allowed since the change in plasma concentrations of the organic anion was relatively small at this time. 4. Biliary excretion of BSP and DBSP in dogfish shark over a 4day period after injection of a lo-mg/kg dose into caudal artery. Eight studies were performed for each anion, and data are expressed as mean 5 SD of percent of administered dose. Differences were not significant (NS,. trast to studies of BSP uptake in tissue slices from the rat where binding is greatest in tissue of the liver (10) and is thought to be related to high concentrations of ligandin (27). Previous studies indicate that this protein is absent from cytosol in elasmobranch and teleost liver (28). This observation was essentially confirmed in the present study by Sephadex-gel filtration, where only small amounts of BSP were bound to proteins from liver cytosol in both the dogfish and skate (Fig. 6) .
Since elasmobranchs do not synthesize significant amounts of albumin (33), we administered 15 (Fig. 2) and resulted in a small increase in plasma BSP and a substantial decline in binding to kidney tissue (Table 2) . However, BSP content in the liver was essentially unchanged 2 h after infusion of the albumin-]:% JBSP mixture.
Despite negligible effects on hepatic uptake of BSP in this study, a 24-h collection of bile indicated that the biliary excretion of BSP was significantly delayed (Fig. 7) .
DISCUSSION
Bile is the major route of excretion in mammalian species for most organic anions with molecular weights exceeding 300-500 and is a complex process involving removal from plasma proteins (primarily albumin), uptake across the hepatic sinusoidal membranes, intracellular binding to proteins within the cy-tosol, conjugation to more water-soluble products, and finally transport across the bile canalicular membrane against a large concentration gradient into bile (14) . The mechanisms and relative importance of these transport steps have not been fully elucidated, partly because it has been difficult to dissociate the influence of one process from another.
In the present study the ability to collect bile over several days in free-swimming elasmobranchs (9) has enabled us to examine organic anion excretion in lower vertebrates where selective hepatic uptake and biliary excretion might not be expected to occur because plasma albumin, intrahepatic conjugating mechanisms, and binding proteins (ligandin) are either absent or low in activity ( 11, 28). However, a few isolated reports have indicated that marine species are capable of excretion of organic anions such as bilirubin, BSP, and other dyes Data are expressed as mean + SD of % free or % conjugated BSP or DBSP in bile for each solvent system tested; number of studies given in parentheses. (12, 20) . Whether or not bile is the major route of excretion for these anions has not been previously established, and it had been suggested that the kidney or gills were preferential routes of excretion. Nevertheless, the present study indicates that despite these theoretical considerations several different organic anions, which have been studied extensively in mammalian species, also undergo selective hepatic uptake and biliary excretion in marine elasmobranchs.
These observations help clarify several concepts con- (Fig. 6 ). In the present study, only small amounts of BSP were bound to proteins in the 44,000-to 46,000-mol wt range of ligandin. Despite the relative absence of specific hepatic binding proteins, the livers of both dogfish shark and skate removed the majority of administered BSP, DBSP, and NaTC fairly rapidly and eventually preferentially eliminated these anions into bile. Thus, ligandin does not seem to play a role in the selective hepatic uptake of organic anions in elasmobranchs as has been claimed for mammals (27, 34). Mechanisms for selective hepatic uptake and biliary excretion of organic anions therefore appear to have evolved prior to and independently of the development of high concentrations of hepatic ligandin, which occurred after verbetrate migration from the sea (28). Recent1 y, ligandin has been shown to be identical to the enzyme glutathione transferase B (17, 23) . Although glutathione transferase has been detected in cell supernatant from elasmobranch liver (3), the enzyme assays in fish were performed with 1,2-dichloro-4-nitrobenzene, which is predominantly a substrate for transferase A and C (18) .
In mammalian species, BSP is excreted primarily as the glutathione conjugate. The importance of conjugation has been studied in detail and is suggested as the rate-limiting step for BSP excretion in rat and guinea BOYER, SCHWARZ, AND SMITH pig (3'7). However, the dibromide analogue of BSP does not undergo conjugation with glutathione in mammalian liver and is readily excreted unaltered into bile (21, 24). The present studies indicate that BSP need not be conjugated to undergo biliary excretion in elasmobranchs and although several metabolites are formed they represented less than 15% of the excreted compounds. Bromosulfophthalein was excreted at an identical rate with the analogue DBSP, which was also eliminated into bile in an unaltered form. These findings suggest that hepatic conjugation to water-soluble metabolites is probably not the rate-limiting step for biliary excretion in elasmobranchs.
This question will need further study by comparing the relative rates of excretion of BSP and conjugated BSP.
Biliary excretion of these organic anions is disproportionately slow in elasmobranchs in contrast to their relatively rapid rate of hepatic uptake. Since the majority of injected BSP is present in the liver at 2 h, the initial fast-decaying component of the plasma disappearance curves (Fig. 1) is primarily a function of hepatic uptake as it is in mammalian species. Initial fractional turnover rates for BSP in man average 0.14 (2,4, 32) with doses that approximate 5 mg/kg body wt. Although the plasma disappearance curves in the present study were determined with [VlBSP at doses of approximately 1.0 mg/kg body wt, the initial fractional turnover of BSP in elasmobranchs was only 3 times slower, despite a very slow cardiac output (estimated to be 1.5 liters/kg body wt per h in dogfish sharks) (22), and a much smaller sinusoidal surface area imposed by a twocell-thick hepatic plate. Thus, when differences in hepatic blood flow and liver anatomy are considered, the hepatic uptake of organic anions is relatively rapid in elasmobranchs.
Biliary excretion, however, is inordinately slow. For example, a lo-mg/kg dose of BSP or transferases.
